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We present a novel method of performing quantum logic gates in trapped ion quantum comput-
ers which does not require the ions to be cooled down to their vibrational center of mass (CM)
mode ground state. Our scheme employs adiabatic passages and the conditional phase shift first
investigated by D’Helon and Milburn (C. D’Helon and G.J. Milburn, Phys. Rev. A 54, 5141 (1996)).
PACS numbers: 03.67.Lx, 42.50.Vk, 32.80.Pj
Not long ago it was recognized by a number of workers
that computations exploiting the quantum mechanical
features of nature can perform efficiently certain tasks
which are intractable with a classical computer [1–3].
This discovery has motivated intensive research into ap-
paratus which could be used to perform quantum logic
operations on single or multiple quantum two-level sys-
tems (“qubits”). Several possible physical implementa-
tions have been suggested. They include bulk nuclear
magnetic resonance (NMR) [4], which was recently used
to execute for the first time a quantum algorithm [5].
However, there will be very serious problems in imple-
menting large scale computations using high temperature
bulk NMR [6]. A scalable low-temperature NMR device
has been proposed [7], but there exist many formidable
technological problems to be overcome before even sim-
ple quantum logic operations can be performed using it.
Thus at the moment, ion trap quantum computation,
first proposed by Cirac and Zoller [8], and demonstrated
experimentally shortly afterwards [9], is, arguably, the
most promising quantum computation technology for re-
alizing systems of dozens of qubits in the foreseeable fu-
ture. An ion trap quantum computer consists of a string
of ions in a linear radio-frequency trap. Two internal
states of the ion compose each qubit and the center of
mass (CM) vibrational mode of the ions’ collective oscil-
lations acts as a quantum information bus, by means of
which quantum logic gate operations can be performed
between pairs of ions.
The most daunting technological problem to be over-
come in the realization of ion trap quantum computa-
tion is the very fragile nature of the quantum mechanical
ground-state of the CM mode. Cooling and maintaining
the ions in this ground state is required for performing
logic gates in the manner proposed by Cirac and Zoller
[8]. Any “heating” (i.e. excitation by external fields) will
diminish the accuracy of a logic gate, thus leading to
unreliable performance of the quantum computer as a
whole, and maybe making the implementation of even
simple algorithms impossible. Eliminating all of the pos-
sible causes of heating is a very demanding task. Thus it
is desirable to investigate methods for performing quan-
tum logic gates without the necessity of being in the
ground state of the CM mode.
Recently, three schemes to avoid the heating problem
have been proposed: The first approach [10] very ele-
gantly adapts ideas from atom interferometry. Consider
two ions confined in a trap: Using a laser beam, one
of the ions can be given a state-dependent momentum
kick, so that it evolves in time into two spatially resolv-
able wavepackets, corresponding to the two internal qubit
states. Because the second ion is strongly coupled to the
first ion by the Coulomb repulsion, it too will evolve into
two wavepackets. Since these wavepackets can be re-
solved using a laser, one of them can be given a pi-pulse
dependent on the state of the first ion, i.e. a quantum gate
can be realized. One major problem with that scheme is
that it is not scalable up to more than two ions, thus
making it not very useful for quantum computation. An-
other potential difficulty is that it is advisable to use
peculiar trapping potentials (e.g. an axial confining po-
tential ∼ |x|5/3 instead of the more usual x2 harmonic
confining potential). A second scheme for quantum com-
putation has recently been proposed [11] (see also [12]).
The ions oscillations have many modes other than the
center of mass mode [14]. As has been shown both the-
oretically and experimentally [11,12], the heating rate of
these “higher” modes is much smaller than that of the
CM mode. Thus these relatively more stable modes can
be used as a quantum bus instead of the unstable CM
mode. Drawbacks of this scheme are: the strength of the
coupling of each ion to those higher order modes varies
from ion to ion, making it harder to adjust the pulse du-
rations; the higher modes are closer together in frequency
space, thus making them harder to resolve; and also there
is a ‘Debye-Waller’ factor due to heating of the CM mode
which alters the strength of the laser interaction by an
undetermined factor. The third scheme [13] which has
been proposed very recently involves the use of two laser
beams driving transitions between virtual levels detuned
from phonon resonances.
In this Letter we propose an entirely different approach
to the problem of performing quantum logic with ‘hot’
trapped ions. We make use of the fact that although
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the ions are not necessarily in the CM mode ground
state, they all share the same CM mode, thus enabling
them to interact with each other. Our scheme performs a
controlled-rotation (CROT) gate between a pair of ions
designated control (c) and target (t). This gate oper-
ation consists of a condtional sign change which takes
place only if both ions are in the excited state. It can
be realized by a sequence of four laser pulses, illustrated
symbolically in figure 1.
We first do a conditional phase shift St between the
target qubit and the CM phonon mode which changes
the sign of the wavefunction only if the CM mode has an
odd excitation and the target ion is in its excited state.
This operation can be performed by applying a detuned
laser pulse of well defined duration with the ion at the
node of a standing wave of the addressing laser [17]. The
next step is to put an additional phonon into the CM
mode, conditional on the state of the control ion. This
is realized by an adiabatic passage between the excited
state |1〉c and some auxiliary state |2〉c of the control
ion, which at the same time puts a single phonon into
the CM mode (see figure 2), thereby changing an even
phonon state to an odd phonon state (and vice-versa).
The advantage of using adiabatic passage for this step is
that the operation can be carried out independent of the
number of phonons. The next step is to perform a second
conditional sign change St. Finally we disentangle the ion
states from the CM mode by performing the adiabatic
passage backwards. As will be shown in detail below,
these four pulses produce the desired quantum logic gate
regardless of the initial state of the phonon mode. We will
now describe those steps in detail. First let us consider
the various laser-ion interactions we will need.
To simplify our analysis we will assume that the CM
phonon mode is in a pure state given by the following
formula:
|φ〉CM =
∑
n
an|n〉 , (1)
where an are a set of unknown complex coefficients and
|n〉 is the Fock state of occupation number n. It will be
convienent in what follows to introduce the odd and even
parts of this wavefunction, viz.:
|even〉CM =
∑
n
a2n|2n〉 ,
|odd〉CM =
∑
n
a2n+1|2n+ 1〉 . (2)
We will also use the following notation for phonon states
to which a single quantum has been added:
|odd′〉CM =
∑
n
a2n|2n+ 1〉 ,
|even′〉CM =
∑
n
a2n+1|2n+ 2〉 . (3)
The conditional phase change between odd phonon
number states and the excited internal state of an ion can
be carried out using an effect first considered by D’Helon
and Milburn [17]. They introduced a Hamiltonian for a
two-level ion at the node of a detuned classical standing
wave. In the limit of large detuning and for interaction
times much greater than the vibrational period of the
trap, this Hamiltonian for the jth ion is
H(j) = h¯a†aχ(σ(j)z + 1/2) , (4)
where σ
(j)
z is the population inversion operator for the jth
ion, a and a† are the annihilation and creation operators
of the CM mode, and χ = η2Ω2/(Nδ). Here η is the
Lamb-Dicke parameter, Ω is the Rabi frequency for the
transitions between the two internal states of the ions, N
is the total number of ions and δ the detuning between
the laser and the electronic transition. If we choose the
duration τ of this interaction to be τ = pi/χ, the time
evolution is represented by the operator
Sj = exp[−ia
†a(σ(j)z + 1/2)pi] . (5)
This time evolution flips the phase of the ion when the
CM mode is in an odd state and the ion is in its excited
state, thus providing us with a conditional phase shift for
an ion and the CM mode.
The adiabatic passage [15] which we require for our
gate operation can be realized as follows: We use two
lasers, traditionally called the pump and the Stokes field.
The pump laser is polarized to couple the qubit state |1〉c
to some second auxiliary state |3〉c and is detuned by an
amount ∆. The Stokes laser couples to the red side band
transition |2〉c|n+ 1〉 ↔ |3〉c|n〉, with the same detuning
∆. If the population we want to transfer adiabatically is
initially in the state |1〉c|n〉, we turn on the Stokes field
(i.e. the sideband laser) and then slowly turn on the pump
field (i.e. the carrier laser) until both lasers are turned on
fully. Then we slowly turn off the Stokes laser: this is the
famous “counter-intuitive” pulse sequence used in adia-
batic passage techniques [15]. The adiabatic passage has
to be performed very slowly. The condition in our scheme
is that T ≫ 1/Ωp,n, 1/ΩS,n, where T is the duration of
the adiabatic passage and Ωp,n (ΩS,n) are the effective
Rabi frequencies for the pump and the Stokes transition,
respectively [16]. Using the adiabatic passage we can
transfer the population from |1〉c|n〉 to |2〉c|n + 1〉. To
invert the adiabatic passage, we just have to interchange
the roles of the pump and the Stokes field. We will denote
the adiabatic passage by operators A+1 and A
−
1 defined
as follows:
A+j : |1〉j |n〉 → |2〉j |n+ 1〉
A−j : |2〉j |n+ 1〉 → |1〉j |n〉 . (6)
Putting all those operations together in detail we can
write down the step-by step states for our gate. We first
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perform the controlled phase shift between the target ion
and the CM mode. Since this involves distinguishing
even and odd CM mode states, we split them up in our
representation, as described above.
|0〉c|0〉t {|even〉CM + |odd〉CM}
St−→
|0〉c|0〉t {|even〉CM + |odd〉CM}
|0〉c|1〉t {|even〉CM + |odd〉CM}
St−→
|0〉c|1〉t {|even〉CM − |odd〉CM}
|1〉c|0〉t {|even〉CM + |odd〉CM}
St−→
|1〉c|0〉t {|even〉CM + |odd〉CM}
|1〉c|1〉t {|even〉CM + |odd〉CM}
St−→
|1〉c|1〉t {|even〉CM − |odd〉CM} .
(7)
The next step is the adiabatic passage as illustrated in
fig. 2 and explained above.
|0〉c|0〉t {|even〉CM + |odd〉CM}
A+
c−→
|0〉c|0〉t {|even〉CM + |odd〉CM}
|0〉c|1〉t {|even〉CM − |odd〉CM}
A+
c−→
|0〉c|1〉t {|even〉CM − |odd〉CM}
|1〉c|0〉t {|even〉CM + |odd〉CM}
A+
c−→
|2〉c|0〉t
{
|odd′〉CM + |even
′〉CM
}
|1〉c|1〉t {|even〉CM − |odd〉CM}
A+
c−→
|2〉c|1〉t
{
|odd′〉CM − |even
′〉CM
}
.
(8)
The next step is the conditional phase flip on the target
ion and the CM mode:
|0〉c|0〉t {|even〉CM + |odd〉CM}
St−→
|0〉c|0〉t {|even〉CM + |odd〉CM}
|0〉c|1〉t {|even〉CM − |odd〉CM}
St−→
|0〉c|1〉t {|even〉CM + |odd〉CM}
|2〉c|0〉t
{
|odd′〉CM + |even
′〉CM
} St−→
|2〉c|0〉t
{
|odd′〉CM + |even
′〉CM
}
|2〉c|1〉t
{
|odd′〉CM − |even
′〉CM
} St−→
|2〉c|1〉t
{
−|odd′〉CM − |even
′〉CM
}
.
(9)
The last step is the adiabatic passage backwards and the
inversion of the rotation on the target ion:
|0〉c|0〉t {|even〉CM + |odd〉CM}
A−
c−→
|0〉c|0〉t {|even〉CM + |odd〉CM}
|0〉c|1〉t {|even〉CM + |odd〉CM}
A−
c−→
|0〉c|1〉t {|even〉CM + |odd〉CM}
|2〉c|0〉t
{
|odd′〉CM + |even
′〉CM
} A−
c−→
|1〉c|0〉t {|even〉CM + |odd〉CM}
|2〉c|1〉t
{
−|odd′〉CM − |even
′〉CM
} A−
c−→
−|1〉c|1〉t {|even〉CM + |odd〉CM} .
(10)
Thus we end up with a controlled rotation gate between
the ions c and t. A controlled-NOT (CNOT) gate can be
realized by performing pi/2 rotation pulses on the target
qubit both before and after this series of operations.
For simplicity, we have analyzed these operations un-
der the assumption that the state of the phonon CM
mode can be described by an arbitrary pure state. More
generally, one must assume that the CM mode is in a
mixed state, because it can be entangled with some un-
known external quantum system, for example the elec-
tromagnetic field causing the heating. Provided we as-
sume that this external system does not become entan-
gled with internal degrees of freedom of the qubits, one
can quite easily analyze the gate using a density matrix
formalism appropriate for mixed states. Since the adia-
batic passage and the conditional phase shift all work for
arbitrary CM mode phonon states, our principal result,
that gate operations can be performed between arbitrary
pairs of qubits, can be shown to be true under these cir-
cumstances.
A possible source of error in performing gate operations
using this scheme is the heating during gate operations.
To perform logic operations, effectively the quantum in-
formation stored in the two levels of the control qubit is
transferred to the even and odd states of the CM mode.
Heating mixes these two states, thereby degrading the
information stored. Since heating in ion traps is due
to variuos sources of noise which have to be treated and
modeled differently, this is a very involved problem which
will be addressed in future work.
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FIG. 1. Schematic illustration of the steps involved in the
CROT gate with hot ions. The individual steps are discussed
in detail in the text.
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FIG. 2. Schematic illustration of the level scheme of the
control ion used to realize the adiabatic passage operations
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